Motor fatigue induced by physical activity is an everyday experience characterized by a decreased capacity to generate motor force. Factors in both muscles and the central nervous system are involved. The central component of fatigue modulates the ability of motoneurons to activate muscle adequately independently of the muscle physiology. Indirect evidence indicates that central fatigue is caused by serotonin (5-HT), but the cellular mechanisms are unknown. In a slice preparation from the spinal cord of the adult turtle, we found that prolonged stimulation of the raphespinal pathway-as during motor exercise-activated 5-HT 1A receptors that decreased motoneuronal excitability. Electrophysiological tests combined with pharmacology showed that focal activation of 5-HT 1A receptors at the axon initial segment (AIS), but not on other motoneuronal compartments, inhibited the action potential initiation by modulating a Na + current. Immunohistochemical staining against 5-HT revealed a high-density innervation of 5-HT terminals on the somatodendritic membrane and a complete absence on the AIS. This observation raised the hypothesis that a 5-HT spillover activates receptors at this latter compartment. We tested it by measuring the level of extracellular 5-HT with cyclic voltammetry and found that prolonged stimulations of the raphe-spinal pathway increased the level of 5-HT to a concentration sufficient to activate 5-HT 1A receptors. Together our results demonstrate that prolonged release of 5-HT during motor activity spills over from its release sites to the AIS of motoneurons. Here, activated 5-HT 1A receptors inhibit firing and, thereby, muscle contraction. Hence, this is a cellular mechanism for central fatigue.
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movement | spike genesis | input-output gain | movement control P rolonged physical activity leads to motor fatigue (1, 2) . The force produced by muscles decreases in part because of the lack of glycogen (3) in the muscle and/or failures at the neuromuscular junctions (4) . In addition to this well-described muscle fatigue, motor fatigue also involves an element originating in the CNS (5) (6) (7) (8) . This "central fatigue" is characterized by a decreased ability to contract the muscle fibers adequately during a motor activity and is observed independently of the muscle fatigue (6) . It is often studied during maximal voluntary contractions (5, 6, 9) . Nevertheless, it is also present during weak physical contraction (1, 2, 8, (10) (11) (12) . Central fatigue secures rotation of motor units (13) and prevents hyperactivity of muscles (6) . Elements of central fatigue involve the cortex (6) , and the spinal cord at the level of motoneurons (MNs) (5) .
The cellular mechanisms responsible for a decrease of the activity of MNs remain unknown. However, evidence suggests that central fatigue correlates with increased levels of serotonin (5-HT) in the CNS. Human subjects that perform an intense motor task are faster exhausted after intake of a 5-HT 1A receptor agonist (14) or a selective serotonin reuptake inhibitor (15) . In animals, injection of the 5-HT precursor tryptophan in the blood or directly in the CNS accelerates the exhaustion occurring during motor activity (16, 17) . Moreover, the time to exhaustion is decreased by serotonin receptor agonists and increased by serotonin antagonists (18) . It was also demonstrated that the activity of the raphe-spinal neurons correlates with the motor activity, suggesting that 5-HT is released as a function of motor output (19, 20) . Finally, spinal MNs are densely innervated by serotonergic synaptic terminals (21, 22) . These results are nonetheless puzzling because of studies that demonstrate that 5-HT promotes the activity of MNs by inhibiting leak conductances (23, 24) , Ca 2+ -activated K + conductances (25) , and by facilitating persistent inward currents (26) (27) (28) (29) (30) (31) (32) . How can 5-HT boost the activity of MNs and, thereby, muscle contraction and at the same time induce central fatigue? We have undertaken this study to resolve this paradox. We confirm that the excitability of MNs is increased by low levels of serotonin release. However, during high levels of release, 5-HT spills over to reach extrasynaptic receptor sites in the axon initial segment and inhibits the generation of action potentials (APs). This inbuilt arrangement prevents the hyperactivity of MNs, promotes motor unit rotation, and reduces detrimental muscle activity.
Results

Release of Endogenous Serotonin
Has Multiple Effects. We tested the effects of release of endogenous 5-HT on a thick slice (1.5 mm) preparation from the spinal cord of the adult turtle spinal cord. We monitored the excitability of MNs by injecting intracellular depolarizing current pulses before and after stimulation of the raphe-spinal pathway located in the dorsolateral funiculus (DLF; Fig. 1A ) (22) , in the presence of blockers for fast glutamate, GABA, and glycine synaptic transmission (SI Materials and Methods). In agreement with previous studies (26, 31, 33) , we found that a brief stimulation of the DLF (1 s at 10-40 Hz) increased the excitability of MNs because the number of APs generated by depolarizing current pulses was significantly increased ( Fig. 1B ; from 1.00 to 1.73 ± 0.15; Wilcoxon test; n = 15 pairs). This effect is caused by the activation of somatodendritic 5-HT 2 receptors, which facilitate a persistent inward current (PIC) mediated by L-type Ca 2+ channels (31, 33) . Because the rate of discharge of raphe neurons is correlated with motor activity (19), we tested the effect of a prolonged DLF stimulation, mimicking the release of 5-HT occurring during long efforts. In that case, the facilitation of MN activity was substituted by a decrease in excitability ( Fig. 1 C, F , and L; n = 6). The switch from excitatory effects and inhibitory effect occurred after 30 s (Fig. S1 ). The inhibitory effect was abolished by the selective 5-
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This article is a PNAS Direct Submission. . These data show that besides the facilitatory effect induced by 5-HT 2 receptors, 5-HT has an inhibitory effect that involves 5-HT 1A receptors. Serotonin has a higher affinity for 5-HT 1A receptors than for 5-HT 2 receptors (35) . This fact, combined with the observation that the inhibitory effect requires a stronger synaptic stimulation, suggests a differential location of the two types of receptors. To confront this hypothesis, we activated 5-HT 1A receptors focally.
Motoneurons Firing is Inhibited by 5-HT1A Receptors. We recorded MNs with the whole-cell patch clamp technique in thin spinal cord slices (300 μm thick). A fluorophore present in the pipette solution (Alexa 488) was used to visualize the dendritic arborization under an epifluorescent microscope ( Fig. 2A) during the recording. We tested the effect of a focal activation of 5-HT 1A receptors with a pipette filled with the 5-HT 1A/7 receptor agonist (±)-2-dipropylamino-8-hydroxy-1,2,3,4-tetrahydronaphthalene hydrobromide (8-OH-DPAT) that was released by means of microiontophoresis. We examined the focal effect of 8-OH-DPAT (40 mM) on APs evoked by trains of brief depolarizing pulses ( Fig. 2A , white background) in the presence of antagonists for ionotropic glutamate/GABA/glycine receptors and of [R]-3-[2-(2-[4-methylpiperidin-1-yl]ethyl)pyrrolidine-1-sulfonyl]phenol (SB269970) (10 μM), a selective antagonist for 5-HT 7 receptors. We found that when the agonist was applied at one particular "hot spot" near the soma, it prevented the genesis of APs ( Fig. 2A ; n = 4). The failures of APs were illustrated by the decrease in firing frequency ( Fig. 2A, position 5 ) (similar results were observed when a repetitive firing was evoked by a prolonged depolarizing current pulse, n = 3; Fig. S2 ). The APs that were not abolished were reduced in amplitude in the four cells tested (Fig. 2 A and B; P < 0.0001, Wilcoxon test). The effect was powerful because MNs remained silent for several seconds after the end of drug application ( Fig. 2A ). However, it was possible to rescue the firing by increasing the intensity of the stimulation (Fig. S3A) , showing that the ability to generate spikes was only reduced.
The dramatic effect on the spike initiation was observed only when the agonist was puffed at one hot spot in the vicinity of the soma. In contrast, 8-OH-DPAT did not affect the firing at any of the many other membrane spots tested, although it facilitated a small outward current (Fig. S3B) . None of the AP parameters were affected when the drug was applied at other sites ( Fig. 2A) . Similar results were obtained when 5-HT was ejected from a pipette by pressure ( Fig. 2B ; n = 4; see Fig. S4 ), ruling out the possibility of an artifact induced by microiontophoresis. For each MN, the analysis revealed a distinct hot spot at which the activation of serotonergic receptors had a strong effect ( Fig. 2B ; mean amplitude ratio: 0.56 ± 0.03, n = 12 MNs). When the drug was released on the membrane 5-10 μm away from this hot spot, the effect became weaker (mean ratio: 0.71 ± 0.05) and it was . The evoked inward currents were significantly reduced at the hot spot (normalized mean current amplitude: 0.56 ± 0.03) and 5-10 μm away (0.71 ± 0.05). The effect was significantly stronger when the drug was applied at the hot spot than when it was applied further than 10 μm away (0.91 ± 0.02, P < 0.0001, oneway ANOVA, n = 71 releasing sites, ***P < 0.0001, Tukey's post hoc test).
significantly reduced when applied further away from the hot spot (mean ratio: 0.91 ± 0.02; see Fig. 2A for illustration; no difference in ratio were revealed by a one-way ANOVA between values at 10-50 vs. 50-100 vs. >100 μm, P = 0.18, n = 38). We verified that the drug had no effect on remote receptors by applying it 10 μm away from the membrane: Minimal effect was observed, even during prolonged releases of 8-OH-DPAT (Figs.
S5 and S6).
To analyze the modulation further, we measured the spike threshold (Fig. 3C ) characterized as the sudden acceleration of rate-of-change of voltage in a phase plot of the first derivative of the membrane potential as a function of the voltage (arrow on Fig. 3B ). The application of 8-OH-DPAT (40mM) increased the spike threshold significantly (P < 0.0001; Wilcoxon test; n = 40 pairs) without changing the resting membrane potential (−62.8 ± 0.56 mV in control; −62.6 ± 0.50 mV after drug application; P = 0.0686; Wilcoxon test, n = 80). Moreover 8-OH-DPAT delayed the AP onset ( Fig. 3E , P < 0.0001, Wilcoxon test, n = 47 pairs) and increased the spike half-width (P < 0.0001, Wilcoxon test, n = 38 pairs). It also decreased both the rates of rise and fall of the AP ( Fig. 3E ; P < 0.0001, Wilcoxon test, n = 39 and 56, respectively). Altogether, these results indicate a dramatic inhibitory effect of 8-OH-DPAT on the AP itself.
In voltage clamp mode, we examined the effect of 8-OH-DPAT on the transient inward current resulting from an unclamped AP evoked by a voltage step to −20 mV from a holding of −60 mV ( Fig. 2A , blue background). In agreement with the observations made in current clamp, we found that when 40 mM 8-OH-DPAT was applied at the hot spot, the transient inward current was delayed, its kinetic was slowed, its amplitude was reduced ( Fig.   S6 ) and, in 4 cells of 14, the voltage threshold for evoking the transient current was increased (Fig. S7) . Here again, the effect was restricted to the hot spot. When the drug was applied a few micrometers away from the hot spot, it did not have any measurable effect (position 4 on Fig. 2A) . The effect of 8-OH-DPAT was abolished when the selective 5-HT 1A receptor antagonist (20 μM) was bath applied ( Fig. S8 ; n = 2).
Serotonin Inhibits AP Genesis. We then checked whether the activation of 5-HT 1A receptors at the hot spot had an effect on the spike initiation. When antidromic APs are triggered in MNs by stimulation of motor nerves, it is sometimes possible to distinguish a double inflection on the rising phase of the spike. The early phase corresponds to the spike generated at the axon initial segment (AIS) (initial spike; IS), whereas the late phase, which can fail in an all or none manner, is caused by the back-propagating spike occurring in the somato-dendritic (SD) compartment (36) (37) (38) . In current clamp mode, spikes evoked by a depolarizing pulse applied in the soma did not show any obvious IS component, probably because of the very fast activation of the SD spike occurring in a depolarized soma. For this reason, we evoked unclamped APs in voltage clamp mode by applying depolarizing voltage steps with an amplitude adjusted a few millivolts above the threshold. Under these conditions, we could clearly distinguish two components on the initial part of the inward current (n = 15) (Fig. 4 A, C, and D) . The differentiated current trace revealed an early and a delayed peaks that were presumably corresponding to the IS and SD spikes (Fig. 4 A and C, lower traces). To substantiate this interpretation, we puffed enough 5-HT (15 mM) at the hot spot to induce failures of the AP (Fig.  4A ). The differentiated current trace clearly showed that the initial component of the spike decreased gradually without changing its latency, whereas the SD component occurred later until it disappeared in an all or none manner (Fig. 4A, trial 3 ). This observation confirmed that the first component corresponds to the IS and the second to the SD spike. For all of the MNs tested, we found that 5-HT or 8-OH-DPAT applied on the hot spot inhibited the IS spike ( Fig. 4C ; P < 0.0001; Wilcoxon test; n = 55 spikes). When the puff/iontophoresis electrode was moved to other points of the membrane, it had no effect on the IS component of the spike (Fig. 4D ) (P > 0.05; Wilcoxon test, n = 19 spikes). These observations confirmed that, at the hot spot, 5-HT inhibits the initiation of the AP.
The 5-HT1A Receptors at the Hot Spot Inhibit a Na + Conductance. We then tested whether 5-HT 1A receptors inhibited a Na + conductance. MNs are the largest cells from the central nervous system. For this reason, it is virtually impossible to clamp APs. Fortunately, the Na + channels responsible for AP genesis can also produce a PIC (39). We therefore tested the effect of 8-OH-DPAT (40 mM) on slow depolarizing voltage ramps. In control conditions, the current trace was characterized by a typical negative inflection corresponding to a PIC (Fig. 5A) . The release of 8-OH-DPAT at the hot spot inhibited the PIC (red trace in Fig. 5A ; n = 6; mean decrease: 44.51% ± 3.67% of the total Na PIC; P = 0.0005; Wilcoxon test, n = 4 cells; in presence of 10 μM SB269970, n = 5). This PIC remained in the presence of the L-type Ca 2+ channel antagonist nifedipine (10 μM, n = 2, Fig. 5A ) but disappeared in the presence of tetrodotoxin (TTX, 1 μM; Fig. 5B ; n = 4). Under this condition, 8-OH-DPAT had no more effect on the current (n = 4), demonstrating that 5-HT 1A receptors at the hot spot inhibit a Na + current. To analyze the modulation further, we isolated the Na + current evoked by voltage steps (Fig. 5D) . We optimized the spaceclamp by using a CsCl patch solution and replacing five-sixth of the NaCl in the Ringer by N-methyl-D-glucamine. The 8-OH-DPAT (40 mM) applied at the hot spot decreased the amplitude of the transient inward current ( Fig. 5E ; P < 0.0001, Friedman test, n = 3; same result obtained for each three cells recorded). More (50) . The third derivative of the spike was calculated by using the software GraphPad Prism version 5. The membrane potential that corresponded to the first positive peak of this derivative was used as the value of threshold. The threshold was used as the baseline value for the measurements of the AP amplitude. (D) The spike threshold (arrow on B) was significantly increased by 8-OH-DPAT (40 mM) for each cell (P ≤ 0.0005, paired t test) and for all of the MNs taken together (control: 1.00 ± 0.003 mV, after drug: 0.79 ± 0.02 mV; ***P < 0.0001, Wilcoxon test, n = 40). (E) The amplitude of the spikes (control: 1.00 ± 0.03 mV; after drug; 0.68 ± 0.02 mV) and the rising slope (control: 1.00 ± 0.04 V·s −1 , after drug: 0.63 ± 0.04 V·s −1 )
were decreased by the drug (P < 0.0001, Wilcoxon test, n = 40). The latency (control: 1.00 ± 0.02 ms, drug: 1.17 ± 0.04 ms; n = 84) and half-width of APs (control: 1.00 ± 0.07 ms, drug: 1.22 ± 0.11 ms, n = 47) were increased by 8-OH-DPAT (P < 0.0001, Wilcoxon test).
importantly, it diminished the normalized amount of charges crossing the membrane from 0.973 ± 0.011 in control to 0.64 ± 0.08 after 8-OH-DPAT (0.95 ± 0.04 after recovery, P = 0.001, repeated-measures ANOVA followed by Tukey post hoc test, n = 18; control vs. drug q = 7.004 and P < 0.01, control vs. recovery q = 0.6873 and P > 0.05, drug vs. recovery q = 6.316 and P < 0.01), demonstrating that the overall effect was inhibitory.
Serotonin Inhibits AP Genesis at the Axon Initial Segment of MNs. To determine the nature of the hot spot, we filled the recorded MNs ( Fig. 6A ) with biocytin and visualized them after fixation (Fig.  6D) , by a binding to streptavidin-fluorophore. Immunohistochemical labeling of the voltage-sensitive Na + channels with a specific antibody (Pan Na + Channels, PanNa V , 1/250) revealed that the hot spot was the AIS because this was the only region with a high density of Na + channels (Fig. 6 A-D, n = 4). We assessed the innervation of the AIS by 5-HT boutons. In contrast to the dense 5-HT puncta near somatodendritic compartments (Fig. 6 E and G) , we found that the AIS was devoid of 5-HT bouton-like punctate stainings. This observation suggested that 5-HT 1A receptors that modulate the Na + current at the AIS are activated only if 5-HT spills out to reach sites beyond its boutons. To explore the question of a 5-HT spillover in the ventral horn of the spinal cord (i.e., where MN somata and their AIS are localized; ref. 21) , we placed a carbon-fiber electrode in the lateral part of the ventral horn of a slice and detected extracellular 5-HT by cyclic voltammetry (Fig. 6H) . We mimicked a physiological discharge of raphe neurons by stimulating the DLF at a frequency of 40 Hz (same protocol as in Fig. 1D) . After a few seconds of stimulation, the concentration of 5-HT increased from an undetectable control level to 12.3 ± 0.2 nM (Fig. 6I ; mean time to half-maximal concentration: 23.7 s; n = 8), demonstrating a spillover to the extrasynaptic space in the MN pool.
Discussion
Our data show that 5-HT released during low activity in the raphe-spinal pathway promotes the excitability of MNs. However, our data suggest that during prolonged activity, 5-HT spillover reaches the AIS where it activates 5-HT 1A receptors, which inhibit the generation of APs in MNs and, in turn, muscle contraction (Fig. S9) . These results provide a cellular mechanism for central fatigue.
The fatigue is caused by a failure of spike generation in MNs induced by stimulation of the DLF. Three arguments suggest that the stimulation induced a synaptic release of 5-HT. (i) Anatomical studies demonstrated that the raphe-spinal pathway is located in the DLF (22) . (ii) The inhibition of firing induced by DLF stimulation was reversibly blocked by the selective 5-HT 1A receptor antagonist WAY-100635 (40) (Fig. 1 G-I) . (iii) The stimulation induced an increase of the extracellular concentration of 5-HT detected by cyclic voltammetry (Fig. 6I) . Importantly, the concentration of 5-HT detected (approximately 12 nM) is well within the concentration range (10 −9 M) required for the activation of 5-HT 1A receptors (35, 41) . The involvement of 5-HT 1A receptors is confirmed by the direct modulation induced by 8-OH-DPAT in the presence of the 5-HT 7 receptor antagonist SB269970 (Fig. 2) .
Our finding is that the modulation activated by 5-HT 1A receptors is restricted to a hot spot of membrane identified as the AIS. Our interpretation is supported by several observations. (i) The hotspot is always located on one neurite emerging from the soma of the MN. (ii) The release of 5-HT or 5-HT 1A receptor agonist inhibits spike initiation (Fig. 4) by selectively modulating a current mediated by Na + channels (Fig. 5) . (iii) The hotspot is characterized by a high density of Na + channels (Fig. 6) . It was recently reported that exogenous application of dopamine at the AIS regulates the firing of brainstem interneurons by inhibiting low threshold voltage-gated calcium channels (42, 43) . These observations suggest that the AIS is a plastic structure that can be adjusted to the environment within seconds. Here, we demonstrate directly that such modulation can be induced by endogenous transmitter, in the absence of any pharmacological manipulation (Figs. 1 and 6 H and I). In other cells, 5-HT 1A receptors were reported to inhibit a Na + current (44, 45) via the cAMP-PKA system (44) . This intracellular pathway, which might be specific for the AIS, is consequently the most likely candidate.
It is also remarkable that the modulation appears to be due to spillover of 5-HT. This interpretation is supported by three observations. (i) We have shown that the effect induced by microiontophoresis/puff is focal (position 4 on Fig. 2A and Figs. S4 and S5). (ii) Immunohistochemical staining revealed no serotonergic boutons at the AIS, in contrast to the dense innervation at the soma and dendrites (Fig. 6 E-G) . (iii) We demonstrated directly that the electrical stimulation of the raphe-spinal pathway increased the extracellular concentration of 5-HT in the MN pools (Fig. 6 H and I) .
Under physiological conditions, APs in a MN induce contraction in the muscle fibers innervated. Inhibition of firing will therefore decrease the force generated, similar to what occurs during central fatigue (6) . The mechanism we uncovered shares many aspects of the phenomenology of central fatigue. Several studies have shown that an increase in the central concentration of 5-HT leads to fatigue (46, 47) . Our results are also consistent with pharmacological studies performed in humans. It was demonstrated that oral intake of the 5-HT 1A receptor agonist buspirone or the selective serotonin reuptake inhibitor paroxetine trigger faster exhaustion during motor tasks (14, 15) . Moreover, during central fatigue, the gain of MNs is reduced (5, 8) . However, we do not rule out that extraspinal mechanisms (1, 2) also contribute to these observations in humans.
Serotonin modulates MNs in several ways. Most in vitro studies performed with bath applied drugs report that 5-HT promotes the excitability of MNs by modulating resting conductances (23), the medium after hyperpolarization following APs (25) or persistent inward currents mediated by Ca 2+ (28, 31, 33) or Na + channels (27) . Most of these modulations are caused by the activation of 5-HT 2 receptors located in the somatodendritic compartments. It is essential that the modulation of intrinsic properties remains within a limited range, otherwise MNs would become hyperexcitable and symptoms such as spastic muscle contraction would occur. This phenomenon is indeed what happens after spinal cord injuries, when, in the absence of endogenous 5-HT, 5-HT 2 receptors become autoactive (48) . The mechanism we uncovered in this study may provide a way to prevent hyperexcitability of MNs under physiological conditions. Because the AIS is the site for generation of APs in MNs (49), it acts as gatekeeper. By inhibiting the generation of APs, 5-HT bypasses facilitatory up-stream modulation in the somatodendritic region.
Serotonin activates both facilitatory 5-HT 2 receptors on somatodendritic compartments and inhibitory 5-HT 1A receptors at the AIS. The lack of serotonergic innervation on this latter compartment provides an inbuilt mechanism that boosts MN excitability at low levels of release and automatically reduces output by spillover at high levels of activity.
Materials and Methods
For detailed methods, see SI Materials and Methods. 
